We summarize the 194 far-infrared lasing lines of hydrazine: 7 new lines, 144 lines that we reported recently, and 43 lines reported by other authors. Fewer than 5% of the 43 previously reported lines had wavelengths shorter than 200 m, but 82% of our 134 lines (127 and 7 new), discovered in cw 12 C 16 O 2 -laser-pumped hydrazine, were shorter than 200 m; the shortest was at 49.2 m. Of the 194 lines now known in hydrazine, 150 have been frequency measured. We present the pump line, the pump offset from the CO 2 line center, the far-infrared wavelength and frequency, the optimum pressure, the relative intensity, and the relative polarization of each line.
INTRODUCTION
Until recently hydrazine (N 2 H 4 ), when it was optically pumped by a 12 C 16 O 2 cw laser, had just 30 known farinfrared (FIR) laser lines, most with wavelengths longer than 200 m. In the past few years, we discovered 134 new far-infrared laser lines by optically pumping hydrazine with a cw 12 C 16 O 2 laser and 17 new far-infrared laser lines by optically pumping hydrazine with an 14 N 2 16 O laser. Unlike the previously known hydrazine laser lines, most of these new lines have wavelengths shorter than 200 m. We also measured the frequencies of 150 laser lines plus the frequencies of the doublets of 6 lines. Optimum pressure, relative polarization, relative strength, and pump offset frequency from line center were also determined for most of the lines.
Although most of these measurements have been reported before, [1] [2] [3] [4] [5] [6] [7] [8] [9] the last summary of hydrazine laser lines 6 listed only 68 lines and did not report pump offset, polarization, intensity, or pressure. Inasmuch as we thoroughly examined every 12 9 quadruple the number of known hydrazine FIR lines pumped by this source. 10 Jones et al. 10 also reported seven N 2 H 4 lines pumped by CO 2 isotope lasers. We have not done any research with these sources.
LASER DESCRIPTION
The CO 2 pump laser uses a 1.5-m-long, high-Q FabryPerot resonator. The key element in this laser is a highresolution grating. This grating selects the CO 2 laser transition and also couples out the laser radiation in the zeroth order. By using gratings with different coupling percentages, we are able to cover the complete range of the normal CO 2 laser bands with as much as 40 W of power and also have many sequence-band and hot-band lines oscillating with as much as 20 W. A more comprehensive description of this laser design can be found in Ref. 11 . The N 2 O laser is of the same design as the CO 2 laser, but the cavity and the discharge lengths were extended 0.5 m to increase the power. 12 Two FIR lasers were used for these measurements. The first is a 2-m-long, metal-dielectric waveguide laser. 13 It has two flat end mirrors. CO 2 pump radiation is coupled into the laser through a hole in one of these end mirrors for longitudinal pumping. A small 45°polished copper mirror near this end couples out a fraction of the FIR radiation. The other end mirror is mounted upon a movable micrometer to tune the cavity into resonance with the FIR radiation. A Brewster-angled silicon output window transmits most of the FIR radiation and blocks most of the CO 2 radiation. The FIR radiation is detected with either a thermocouple or a metalinsulator-metal (MIM) diode.
The second FIR laser has a 35-mm-diameter, 2-m-long Pyrex tube. At the ends of this tube are two mirrors, one a flat copper mirror and the other a 4-m-radius goldcoated mirror mounted upon a movable micrometer. The hydrazine is longitudinally pumped by CO 2 radiation in a V configuration. The CO 2 laser is focused through a 5-mm hole in the flat mirror that is 16 mm above the mirror center. The pump radiation strikes the curved mirror in the center and is then refocused to strike the flat mirror 16 mm below the center. FIR power is coupled out and detected in the same way as was done for the waveguide laser. This laser favors short wavelengths. Its calculated loss is less than 0.5% for wavelengths less than 150 m. 
MEASUREMENTS
When searching for new laser lines we first look for absorption of the 12 C 16 O 2 pump radiation by monitoring the photoacoustic signal from a microphone mounted inside the FIR laser cavity. Optimum photoacoustic signals occur near 650-1300 Pa of hydrazine. Once an absorption signal is found, we search for FIR emission by lowering the hydrazine pressure and simultaneously tuning the FIR cavity length and the pump-laser gain curve to determine the pump offset from the 12 C
16
O 2 gain maximum. Once a FIR laser signal is detected, the pressure, the output coupling, and the pump offset are adjusted to optimize the signal. In this FIR laser, the polarization relative to the pump polarization is measured. A scan of the laser modes is recorded as a function of FIR cavity length, which gives a first measurement of the number of FIR lines that are lasing and their wavelengths. Finally, measuring the difference in cavity length among 20 laser modes (10 ) gives a wavelength value accurate to ϳ0.1%. This process is repeated for every FIR laser line.
A. Frequency Measurements
We determine the FIR laser frequency by heterodyning it with a known frequency; in our case the FIR radiation is mixed in a MIM diode with radiation from two reference CO 2 lasers and a microwave synthesizer. The diode generates frequencies of various mixing orders among these four sources. In our case
where ␦ is the rf beat frequency generated in the diode, FIR is the FIR laser frequency, 1 and 2 are the CO 2 laser frequencies, and m is the microwave frequency. The integers n and m are the mixing order of each component.
Once ␦ is measured and the values and the sign of the mixing components are determined, the FIR laser frequency can be calculated. Inguscio et al. 3 have described this and other frequency-measurement techniques.
The beat note ␦ from the MIM diode is amplified and observed with a spectrum analyzer. We then tune the FIR laser across its gain curve and map out the changing amplitude of ␦, using a peak hold feature in the spectrum analyzer. The center of this beat note is then measured with a marker frequency. Observing this beat note as each of the four radiations is changed gives the values and signs of n and m. For all measurements here n ϭ 1, 2 and m ϭ 1, 2. The CO 2 reference frequencies and the microwave frequency are chosen to give ␦ within the 1.5-GHz bandwidth of our amplifier and spectrum analyzer.
The CO 2 reference lasers are frequency stabilized within Ϯ10 kHz, and their frequencies are known to an accuracy of 2.5 kHz. The microwave source frequency is also accurate within 10 Hz. The main uncertainty comes from setting the FIR laser to the center of its gain curve. We generally measure each frequency five times or more and report the average measurement. Our 1 uncertainty is 2 ϫ 10 Ϫ7 times the frequency (the accuracy of the synthesized reference is ϳ15 kHz, or 5 ϫ 10 Ϫ9 at 3 THz).
B. Frequency Offset Measurements
Pump-frequency offset (the difference between the absorption frequency and the CO 2 laser line center frequency) measurements are important for assigning these FIR laser transitions. Measuring the offset is a simple matter of setting the pump frequency for maximum FIR power and then mixing, in a MIM diode, some of the pump radiation with a reference laser locked to the appropriate line center. As with the FIR frequency measurements, the diode generates between the two laser frequencies a beat note that is measured as above. Inasmuch as some residual pump radiation is coupled out of the FIR laser along with the FIR radiation, we remove 
RESULTS
We present pump line, FIR frequency and wavelength, optimum pressure, relative strength, relative polarization, pump offset, and reference to the original researchfor all the 194 known hydrazine FIR laser lines pumpedby a cw 16 O 2 laser, 108 were discovered in our laboratory. Table 1 is a summary of the 164 laser lines arranged by the CO 2 pump lines. It contains the frequency, wavelength, optimum pressure, relative polarization, relative intensity, pumping offset, and reference for each line. The relative intensities of the laser lines presented in the tables are listed with the references in which they were reported. We use the notation VW (very weak), W (weak), M (medium), S (strong), VS (very strong), and VVS (very, very strong) to denote the relative intensities of the lines. The intensities differ from successive ones by 1 order of magnitude. On our scale the well known 119-m line of methanol is VVS; the 192.616-m hydrazine line has the same value. The 312.027-m line is pumped by two different CO 2 
lines, 9P(46) and 10R(36).
The same is true for the 161.146-m line, which is pumped by two different CO 2 lines, 10SR(27) and 10P(52). In each case the two pumps populate the same upper lasing level in hydrazine and therefore produce the same FIR lasing line. There are also five doublets, denoted by footnotes in the tables, from CO 2 laser pumping and one doublet from N 2 O laser pumping. The doublet separations vary from 2.7 to 10 MHz. This doublet structure could be a real property of hydrazine, as noted in Ref. 5 for the 533.7-m line, or it could be an artifact of our longitudinal pumping, with the FIR frequency being pulled by pump Doppler pulling, producing two peaks in the FIR gain curve. Table 2 is a summary of the lines observed by Jones et al. 10 with isotopic CO 2 lasers. We have excluded a line pumped by the 13 C 18 O 2 10P(28) laser line, whose wavelength was not measured in that reference. Table 3 summarizes our preliminary study of 14 N 2 16 O-laser-pumped hydrazine. We did not measure the offsets for the This table also includes the six N 2 O-pumped FIR laser lines previously reported. 10 We have omitted a line whose wavelength was not measured but was reported as pumped by the N 2 O 10P(26) laser line. 10 Tables 4 and 5 
FUTURE WORK
We plan to study the N 2 O-pumped N 2 H 4 system further, looking for more FIR lines and frequency measuring as many of the lines as possible. Also, with so much information now available on the N 2 H 4 FIR laser lines, the next obvious step is to assign the upper and lower laser levels. 
